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STAR IMAGE METROLOGY

PREFERRED
RELIABILITY PART I: VISUAL
PRACTICES MEASUREMENTS

Guiddine:

The fundamental behavior of a spaceborne (or space- related) optical imaging system is contained
initsresponse to an impulse, i.e., apoint source. The point source imageisreferred to by a
variety of names: star image, point spread function, far field pattern, impulse response, Fraunhofer
diffraction pattern. Here we will use "star image." This guideline provides information on
instruments and procedures used in visua star image measurements.

Benefit:

Star image measurements provide the primary means of appraising the end-to-end health of an
optical imaging system. These tests represent good engineering practice, and are reliable
indicators of system performance. Star image tests are thus the final arbiter of quality control. A
system passing the star tests discussed here ensures that the optical instrument is performing in a
reliable manner.

Visual inspection of the star image pattern is a simple and efficient means of determining whether
aproblem exists. If something iswrong, important clues asto its nature (e.qg., decentered
component, inappropriate conic constant) can be provided.

Center to Contact for More | nfor mation:

Goddard Space Flight Center (GSFC)

| mplementation M ethod:

1. Description of Star Image Test Appar atus

The basic equipment needed to perform laboratory star image visual measurementsisindicated in
Figure 1. The optical system on the left half of the drawing isa Star Simulator. Thisisa
Collimator with a back-illuminated pinhole located in the focal plane. The Collimator can be
either reflective or refractive, and its pupil should be larger than the imaging system being tested.
The pinhole represents the star, and its diameter should be smaller than the
Collimator Airy Disc, (i.e., unresolved). Depending on the application, the  m—
pinhole back-illumination can be either from a coherent or incoherent

. : GODDARD
source. An example of the former is alaser; the latter, a point arc lamp. SPACE FLIGHT
Between the source and the pinhole there is usually some coupling optics to CENTER

maximize the power through the pinhole, and to fill the aperture of the e
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Collimator with light. (Caution: The pinhole acts like a"pinhole camera.” If a coiled filament
lamp is used, an image of the coil will be formed on the collimator pupil and the output irradiance
will be quite nonuniform).

EACk-LLUM PO TED
FMHOLE SOURCE

Figure 1. Basic layout of a star image test setup

A support structure is needed to hold the optical system under test. This mounting fixture should
provide modest azimuth and elevation tilt control to allow alignment of the "test system"” to the
Collimator optical axis. Thetest support fixture should also allow the "test system™ to be
accurately rotated through its operational field of view. For refractive "test systems’, the rotation
axis should ideally pass through the system's rear nodal point. A mechanical support fixture that
accomplishes thisis called a T-Bar Noda Slide.* However, for catadioptric and reflective systems
rotation through the rear nodal point isimpractica because this point is usually far removed from
the physical embodiment of the "test system.” In this Guideline, the rotation axis will be at, or
near the entrance aperture of the "test system."”

For visua measurements the "test system" star image needs to be magnified. This can be
accomplished using a high quality microscope. The microscope objective should be
well-corrected for both axial color and spherical aberration. Its numerical aperture must be
sufficient to collect all the light from the "test system.” The eyepiece must also be of good
quality, and contain at least a cross-hair reticle to provide reference lines. The reticle plane will be
coincident with the image formed by the objective. The microscope should have micrometer
controlled XY Z-trandation capability.

2. Ideal Star Image

The structure of the star image is controlled by diffraction and aberrations in the imaging system.
If aberrations are negligible, the system is said to be diffraction-limited. For agiven focal length,
the size and shape of the stop (i.e., the limiting aperture) determines the size and shape of the star
image. Thisis considered the best one can do. The diffraction-limit is a benchmark or standard
by which all other imagery isjudged. Since most systems have circular unobscured stops, the
resultant star image has a special name. It is called an Airy pattern and is shown in Figure 2.
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The central coreis called the Airy Disc (and is measured
across a diameter to the center of the first dark ring).
Figure 3 (a & b) shows theoretical lateral and axial
profiles about paraxia focus. (Although they look
similar they actually represent two different
mathematical functions). The separation between the
zero intensity points on both plotsis directly related to
the system F-number (f/#). Note: F-number isthe
effective focal length divided by the entrance pupil
diameter.

Lateral Scale = 2.4 ). (f/#) (1)
Axid Scale = 16 A (f/#)? )

Figure 2. Airy pattern

For an unaberrated diffraction-limited optical imaging system, the monochromatic star imageis
symmetric for an equal + focus shift.

Reflective imaging systems (e.g., Cassegrain telescope) typically contain central obscurations
which modify the profile shapes shown in Figure 3. The extent of the modification depends on
the obscuration ratio. Asthe obscuration ratio increases, the diameter of the central core
contracts and more relative power enters the first bright ring.
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Figure 3. Profiles of diffraction-limited star image
(a) Lateral profile; (b) Axial profile
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Most optical systems are not diffraction-limited across their entire field. They suffer from defects
called aberration.? Given a single color (monochromatic), there are five primary (Seidel)
aberrations. Two of these, field curvature and distortion, do not affect star image structure but
rather its axial and lateral location with respect to the paraxial image plane. The remaining three
aberrations, spherical aberration, coma, and astigmatism, do change the size and shape of the star
image. It isthe latter three that are of interest in this Guideline. (Note: There are higher order
aberrations that can affect star image structure. But their influence is usually minor).

For chromatic aberration, the effective focal length of a system and its magnification varies as a
function of color or wavelength. Thisis because the refractive index of glass componentsin the
imaging system are color dependent. Thisis called dispersion. In refractive systems the primary
aberrations are also color dependent. It is common practice to measure the aberration over a
restricted spectral bandwidth. The width and center wavelength of the band will depend on the
application of the optical system.

3. Direct Visual M easurementson Star Image
3.1 Unaberrated System

Align the microscope with the "test system" and view the star image. Center the cross-hair on the
pattern. Adjust the focus of the microscope until the Airy pattern isfound. (This can be
accomplished by: minimizing the number of observed rings;, making the first dark ring as dark as
possible; minimizing the power in the first bright ring). This establishes the location of paraxial
focus. Offset the microscope laterally until the center of the cross-hair isin the middle of the first
dark ring. Note the position on the lateral micrometer. Traverse to the opposite side and place
the cross-hair center in the middle of the first dark ring. Note this position on the micrometer.
Subtract these two micrometer readings to obtain the diameter of the Airy Disc. Asa
confirmation of F-number, substitute the measured Airy Disc value into Eq.1 and solve for f/#.

Center the cross-hair on the Airy Disc. Adjust the focus and locate the first zero axial intensity
positions on either side of paraxial focus. Note the Z-micrometer readings for both positions.
Subtract these two Z values. Substitute this difference into Eq.2 and solve for f/#.

3.2 Axial Color

In refractive imaging systems we rely on the curvatures, thicknesses, and refractive indices of the
glasses used to form a point image at a certain plane. Unfortunately, the index of refraction of
glass is wavelength dependent, a phenomenon known as dispersion. Thisisillustrated in Figure
4. A whitelight collimated input beam isimaged at various points along the optical axis
according to color.
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Figure 4. Dispersion in simple lens results in color dependent axial image points

To measure axial color?, align the "test
700 system" to the Collimator. A white light

VISIBLE w source is needed but the source housing
850 A should have a provision for supporting
M narrow band color filters between the source
800 L and the pinhole. Five to ten spectrally
= (mw)  separated filters should be enough to
o sufficiently sample the visible region. (Note:
. . If there is Significant spherical aberration,
stop the lens down to about 3/4 of the
450 aperture). Using the microscope, we measure
40 -8 -6 a4 2 o the axia location of the Airy pattern for each
FOCAL SHIFT (mm) filter. A sample plot isshown in Figure 5 for
Figure 5. Axial color of complex lens a6" f/1.5 airborne surveillance objective.

3.3 Primary Aberrations

The success with which one can visually measure an aberration type in the star image depends on
the relative purity of the aberration. On-axis there should only be spherical aberration. Off-axis
will be amixture of spherical, coma, and astigmatism. If spherical iswell-corrected, coma will
tend to dominate small field angles. Asfield angle increases, a point is reached where astigmatism
and coma are the same magnitude. Thereafter, astigmatism increases at a faster rate than coma,
and dominates the larger field angles.

3.3.1 Spherical Aberration
Spherical aberration?? arises when different annular zones of alens focus at different points along

the optical axisasillustrated in Figure 6. The location of the minimum blur circle is where the
marginal ray intersects the caustic. (In Figure 6 note the point where the marginal ray crosses the



GUIDELINE NO. GT-TE-2405
PAGE 6 OF 11

STAR IMAGE METROLOGY PART I: VISUAL
MEASUREMENTS

next innermost ray. This point starts the
caustic which is the envelope of crossover
points of adjacent rays.)

MINIMUM BLUR CIRCLE

)

=i = We examine the aberrated star image with the
- microscope and adjust the focus back and
forth until we find the minimum blur circle.
Using the lateral trandation capability on the
microscope, we measure the diameter, D, of
Figure 6. Ray fan showing the caustic and this blur circle (in amanner similar to the Airy
minimum blur circle (courtesy Dr. John Loomis) Disc measurement). D, isrelated to the
wavefront aberration coefficient W, by:

1

s

D = 4 (F/#) Wiy, 3

The above method will generally work for spherical aberration magnitudes above 2 waves. i.e.,
W,,, = 2A. Below this adifferent technique can be used for unobscured systems.* Stop the "test
system” down by centering a small circular aperture in the entrance aperture. Observe the
enlarged diffraction pattern. Move the microscope axially back and forth to identify the best Airy
pattern as discussed in Sec.3.1. This establishes the paraxia plane. Note the reading on the
micrometer. Remove the small circular aperture. Readjust the microscope axially once again to
identify the best Airy-like pattern. Note the new micrometer reading. Take the difference, 9,
between the two micrometer readings. This difference can be related to the aberration coefficient

by:
& = 8 (f/#)* Wy, (4)

By averaging over 10 readings an accuracy
of a quarter wave should be attainable.

TANGENTIAL iIMAGE
(FOCAL LINE)

S ocmime 332 Astigmatism

Adtigmatism?®* arises in a system because
Z sagittal and tangential rays from an off-axis
PRINCIPAL RAY point source do not come to a common focus
asisillustrated in Figure 7. Theimages
formed by the two fans both lie on the chief
(or principal) ray but are longitudinally
separated. Further, the images formed at
these two locations appear as lines
orthogonal to each other. These are called
the tangential and the sagittal line images.

TANGENTIAL
FAN OF RAYS |

S0BJECT POINT

Figure 7. lllustration of astigmatism showing sagittal
and tangential ray fans (Modern Optical
Engineering)
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Astigmatism can be measured* by
determining the separation between the two
linefoci (along the chief ray) as afunction of
field position. (Note: If the "test system” has
asignificant amount of spherical aberration it
would be helpful to stop the system down to
about 3/4 of its aperture). Referring back to
Figure 1, we rotate the "test system" about
the rotation axis to some field angle.
Because this rotation does not take place at
the rear nodal point, the microscope will
have to be trandated laterally to reacquire
the image.

Center the microscope cross-hairs the on the
star pattern at medial focus (or circle of least
confusion). Adjust the focus of the
microscope and locate each line focus. Note
the Z-micrometer readings. These can be
plotted up as afunction of field angle, and
the separations between the line focii will be
readily apparent asillustrated in Figure 8. If
higher order astigmatism is negligible, the
longitudinal separation at maximum field
angle can be related to the 4th order
aberration coefficient by:

0 = 8 (f/#)* Wiy, (5

3.3.3 Coma

Coma?® is zona dependent like spherical
aberration. Comaformation isillustrated in
Figure 9.* Each circular zone in the lens pupil
formsaring in the image plane. Therings
are of different sizes, and are shifted relative
to each other as shown in Figure 9 (b). The
pattern resembles an ice cream cone. The
chief ray intersects thisimage plane at the tip
of the cone. The line bisecting the coma
pattern in the image plane passes through the
optical axis. The lines tangent to the
ensemble of rings on either side form a 60°
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Figure 8. Astigmatism plot for Aerojet lens (Ref. 1).

Significant higher order astigmatism is present.

‘Figure 9a. Formation of coma from an
off-axis object point
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angle. Thering from the margina ray zoneis
the largest and its center is farthest from the
chief ray intersection point. The paraxial-like
zone about the chief ray forms the smallest
ring and its center is closest to the chief ray.
The length from the chief ray to the farthest SAGITIAL
point on the marginal ring is called tangentia \
coma. Theradius of thisring is termed

sagittal coma. It can be shown that:

TANGENTIAL
COMA
(CMA3)

Tangential coma = 3 Sagittal coma(6)

Comais usualy measured in the paraxial
plane. This means that in addition to moving
the microscope laterally to reacquire the
image after rotation, some predetermined CHIEF RAY L
axial adjustment must also be made to place ¥<° “piEpce
our point of observation in the paraxial plane. ‘

(If aT-Bar nodal Slide is being used, such Figure 9b. Coma pattern
adjustments are accomplished automatically).

Tangential coma is then measured. Tangential coma (TC) can be related to the aberration
coefficient at the maximum field position by:

TC=6 (f/#) W131 (7)

Unfortunately, unless comais pure or heavily dominant, it will be difficult to measure. Unlike
axial color and astigmatism, stopping the lens down does not help us because coma, like spherical,
is zonal dependent. Hence, in the presence of competing aberrations, the anchor points for the
lateral coma measurement become difficult to define.

Note: Further information on star image testing can be found in Reference 6.
4, Indirect Visual Measurements... Knife Edge Test
In this procedure a knife edge (e.g. arazor blade) explores the region around the star image while
the observer views the "test system™ pupil directly by eye or on an observation screen. The setup

isillustrated in Figure 10. The microscope has been removed from the XY Z-trandator, and a
knife edge put in its place.
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Figure 10. Knife edge test on star image

Figure 11 illustrates the basic operating principle of the knife edge test for an unaberrated "test
system.” In the exit pupil, we have a spherical wavefront. Ray normals to the wavefront
converge to apoint focus. We place an observation screen well outside of the focal region. On
the screen we see a circular patch of uniform light (essentially a scaled version of the light
distribution in the pupil). Next, we set up arazor blade on an Y-Z trandator in the neighborhood
of the focal point. Assume we are inside focus (between the pupil and the image point). Aswe
trandate the knife edge laterally and start blocking light, we see a straight edge shadow move
across the box of light on the observation screen in a direction opposite the knife edge motion.

/
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Figure 11. Knife edge scan inside focus

ExXIT
PUPL

We then move the knife edge axially the same distance outside of focus (between the image point
and the screen), and then cut across. Again we see a straight edge shadow creep across the light
box, but now in the same direction as the scan.

At paraxia focus the observer is not aware of a shadow transition...just a general dimming and
then darkness. This effect occurs very quickly as the knife edge is trand ated.
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If we rotate the knife edge about the optical axis so that it cuts the beam along a different vector,
the shadow pattern behavior rotates through the same angle as the knife edge. This holds true not
only for unaberrated systems but for al rotationally symmetric aberrations aswell. It isnot true,
however, for asymmetric aberrations. When aberrations are present, the shadow and its
boundaries can take on rather complicated behavior. Further, pattern behavior depends on the
axial location of the knife edge relative to paraxial focus.’

Knife edge testing has been used in optical shops for generations. Though not easily quantifiable,
it is quite sensitive and provides an important source of information to the trained eye of an
optician. The knife edge patterns guide the optician to locate and correct sources of figure error.
In recent years a modified knife edge test coupled with sophisticated software has successfully
quantified this venerable technique.®®

Note: Further information on knife edge testing can be found in Reference 10.

Technical Rationale:

All optical imaging systems used on spaceborne or space-related instruments should undergo an
end-to-end systems check to validate performance. Star image testing is the primary means of
conducting this validation process. It provides data pertinent to the pass/fail criteria associated

with the optical imaging system.

Impact of Nonpractice:

If end-to-end systems measurements are not made on spaceborne or space-related optical imaging
systems, then the consequences could be the ultimate failure of the mission in-whole or in-part.
The Hubble Telescope should be a constant reminder of this.

Related Guiddlines:

Guideline No. GT-TE-2404 - Guideline for Use of Fizeau Interferometer in Optical Testing.
Guideline No GT-TE-2406 - Star Image Metrology: Part 11 Irradiance M easurements.
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